Cyclodextrin (CD) is a subset of the macrocyclic structural class, which is an important class of small organic agents that are useful functional excipients. They have wide range application possibilities in different fields of sciences such as material preparation, medicine, analytical chemistry, and separation processes. They are used widely in pharmaceutical formulations and drug delivery for increasing the water solubility of low soluble drugs and drug candidates. Due to the ring structure, they behave differently than smaller molecules and may be capable of hitting new classes of targets. A macrocyclic molecule presents varied functionality and stereochemical complexity in a pre-organized conformation of the ring structure. This can result in high selectivity and affinity for protein targets while conserving enough bioavailability to arrive at intracellular locations. Regardless of these valuable features, and the verified success of several marketed macrocycle drugs isolated from natural compounds, this class has been little explored in drug development. This study describes some of the key features of the CDs therapeutic discovery. Also, the application of computational chemistry approaches such as QSAR/QSPR, molecular docking, and molecular/quantum mechanics for modeling of CD-drug system is reviewed briefly.
Cyclodextrins are beautiful molecules of cyclic polysugars, which buildup of D-glucopyranose units. The units bound each other in a ring form with different sizes and substitution patterns. The CDs, also known as cycloamyloses, represent further examples of macrocyclic compounds formed by the joining of small rings to give rise to a much larger ring system. These compounds in α-, β-, and γ-CD forms are useful functional excipients. [1] The inside of the cavity is non-polar or a somewhat hydrophobic, while the outer surface is greatly polar or hydrophilic due to the hydroxyl groups, building them proper and fascinating hosts for supramolecular chemistry. They offer several requirements to provide a platform for the design and bioactive compound synthesis. Moreover, the structures and syntheses of the entire of this family are important for their binding of a broad range of guests, utilizing a collection of interactions. [2] [3] [4] [5] [6] [7] [8] [9] [10] Bacteria digest starch comprise of an unrefined blend of linear, cyclodextrins plus proteins, and other impurities. Isolation of pure CDs is a difficult task. Biotechnological advances that happened in the mid1970s prompted a considerable change in CD generation and pharmaceutical-grade CDs can now be obtained at commonly low costs. [11] Many of these compounds bind with a specificity and selectivity that can only be surpassed by biological interactions and has led to their use as sensors, extraction agents, or selective encapsulation agents for applications like drug delivery. Complexation influences solubility of organic guests in the water and stabilizes the guest molecules toward oxidation and other unwanted reactions. [12] Also, CDs catalyze some reactions playing the role of microreactors or serve as building blocks for nanotubes. Molecular encapsulation of chemical compounds with CDs, a form of cone-shaped oligosaccharides, has drawn much attention in recent years for its ability to improve drug pharmacokinetic and pharmacodynamics properties and to potentiate biological effects. [13] | AbdolmAleki et Al.
The most common effects of CD application of drug properties are as follows:
• avoid ingredient interactions (drug-drug, drug-additives).
• increase the drug bioavailability (solubility and drug dissolution).
• improve the drug stability and safety.
• controlled drug release (on a time or site profile).
Patient compliance (bad taste and unpleasant odor) molecular modeling has become a well-established exploration area during the recent decades due to advances in PC equipment and programming that have brought high-performance graphics and computing within the modern research centers both industrial and academic laboratories. It can give significant qualitative rules that aid the design of new lead structures. The following effect of a fruitful modeling study of these lines is normally one or more applicant structures anticipated to satisfy specific criteria depicted in a molecular model, that is a pharmacophore. The synthesis and biological assessment of these target structures can be utilized to examine and iteratively refine the model. The strategies have been produced to examine either the interaction of a known receptor site with a prototype molecule or the capacity of an offered compound to mimic the 3D stereochemical aspects of known active compounds. The methodologies endeavor to optimize receptor fit for binding affinity and selectivity while qualitatively considering other basic elements (metabolic stability, log P, solubility, and so on.). Most molecular modeling systems give the same essential arrangement of features: manipulation and representation of 3D molecular models including conformational analysis, molecular mechanics and/or dynamics, rotatable bonds, electronic properties, molecular surface displays, structure building, and the computation of different physical properties. [14] The capability to predict whether CDs will be of benefit in creating a dosage form for a specific medication candidate requires a good working information of the CDs properties, their mechanism of solubilization, and factors that contribute to, or detract from, the biopharmaceutical attributes of the formed complexes. [11] Computational methods as tools can be used to acquire knowledge in drug development. The authors hope that the review provides easy and simple information of popular computational methods that are considered in different fields of drug design especially macrocyclic compounds such as CDs and derivatives.
| BASIC CONCEPTS AND ESSENTIAL TERMS
Here, a short description of necessary concepts of subjects discussed in this review is provided. System: System is the physical process of interest.
Model: A model is a mathematical representation of the system and an abstraction of reality. Models always have limits of credibility, but they are a fundamental tool of science, engineering, business, etc.
Simulation: Simulation is a type of model where the computer is used to imitate the behavior of the system. Density functional theory: Density functional theory (DFT) is a computational method in chemistry and solid-state physics for quantum mechanical modeling to investigate the electronic structure of atoms and molecules. [15] Monte Carlo simulation: Simulation that makes use of internally generated (pseudo) random numbers.
Molecular dynamics: Molecular dynamics (MD) is a computational method aimed at stimulating the movement of all the particles in a molecular system by iteratively solving Newton's equations of motion. [16] MD is a model of the motion of a group of particles (e.g. atoms) by solving the classical equations of motion. Partial least squares: Partial least squares (PLS) is a linear modeling and statistical tool in the drug design improvement that was applied for the construction of QSAR models. PLS is mathematically equivalent to MLR and has a lot to offer, in particular in more complicated cases, and thus has the potential of facilitating and intensifying, for example, the drug identification process. [17] Scoring function: A mathematical function that rank proteinligand complexes according to their predicted binding affinity. [16] 
| Subject arrangement
The review is categorized into several sections. After introduction and presentation of the essential terms, the first section is a historical background, which offers most general knowledge about emerging and development of CDs for their therapeutic effects. Next, the second section so-called in silico analysis methods collects the simple information required to distinguish the principal issues of the review. These sections cannot assist as tutorials on the subjects; they are somewhat summaries, that is brief plan to the related fields. For more organized and detail explanation, they can be referred in the cited literature. The major part of the article is in the second section. It presents a concept of the computational techniques employed for describing the correlation of molecular structure with bioactivity that is applied in various areas of drug discovery. Some comparisons of methods have been discussed. The last part contains conclusions and references.
| CYCLODEXTRIN DISCOVERY: HISTORICAL BACKGROUND
Macrocyclic compounds have considerable history in drug discovery because of their profound curative properties.
Interests in biological mimics maybe go back to the ending of the 1800s with the discovery of CDs. These molecules are an important class of small organic agents that found widely in nature. In nature, enzymatic digestion of starch with CD glycosyltransferase (CGTase) generates a combination of CDs that contain α-, β-, and γ-CDs, respectively. CDs were firstly isolated through a bacterial digestion of the starch by A. Villiers (a French scientist) in 1891. The compound, which was named Cellobiosine, was stable toward acid hydrolysis, and its properties do not reduce in contrast to the starch. In the present, we believe that Villiers had separated a mixture of α-CD and β-CD. [11] Over the next half of the century, great effort was directed toward plans for getting better CD yield throughout superior separation strategies, investigating their interaction with several organic compounds and attempting to prepare them via alternative, non-bacterial enzymatic methods. In the following years, Schardinger was capable of separating like crystalline dextrins from other sources of starch using the same bacteria. Based on this practice, the bacteria used in the digest seemed to dictate the product, as opposed to the foundation of starch. He later altered the name of the dextrin yield to α-and β-dextrin. CDs became known as Schardinger dextrins to respect him for his early effort and findings. [11] Freudenberg et al. discovered the larger γ-dextrin in 1935, and he proposed the cyclic structure of these organic molecules in 1938 and named them as CDs. [18] In 1954, Cramer reported the cavity size, chemical structure, reactivity, solubility, guest stabilization, and complex formation abilities of α-, β-, and γ-CDs. CDs production on an industrial scale could not perform until the 1970s, due to the impurity of obtaining a product of the Bacillus macerans digestion. Here, the product was included of about 60% α-, 20% β-, and 20% γ-CD and a trace amount of larger ring CDs. In the 1970s, the progress of technology and engineering of the novel CGTases permitted CDs production in the industrial size by providing more selective digestion paths for a more clean product. [19] Figure 1 represents enzymatic production of CDs. Commercially, production of α-, β-, and γ-CD from starch is performed by selective enzymes as desired. In 1948, Freudenberg recommendation for the possibility of larger ring CDs was followed by French in 1965 and verified. CDs with more than 8 glucose units have only been proven since the 1990s, and by 2002, larger CDs with several hundreds of glucose units had been reported. [20] In the 1990s, the scientific community explored extensively chemically modified CDs mainly due to the high water solubility of the substituted CDs compared to their native analogs. [18] The high binding energy of crystalline α-, β-, and γ-CDs drives the aqueous solubility of the native CDs down compared to their linear dextrin analogs. Besides, β-CD molecules can also form intramolecular H-bonds, decreasing their ability to H-bond with surrounding water molecules to dissolve. Hydroxyl group substitution disturbs the crystallinity of CDs, which improves solubility. The earliest CD-containing medicinal agent (Prostarmon ETM) marketed in 1976. After that, Japan converted into the biggest customer of CDs, mainly in the cosmetic and food industries in the 1980s. Piroxicam-β-CD tablet as one of Europe's original medical products containing CD was marketed in Italy. Since the 1990s, Procter and Gamble (the US company) has been the main world's industrial customer of CDs.
To date, there are several available pharmaceutics CD complexes in the world. In this field, the new topical trend focuses on the CDs utilize as nanocarriers that can design multipurpose delivery systems and encapsulate drugs with suitable physicochemical properties. Until the introduction of host-guest chemistry (molecular recognition chemistry), a broad range of synthetic organic molecular receptors such as CDs, calixarenes, cucurbiturils, crown ethers, and pillararenes have been employed as receptors to create supramolecular amphiphiles. [1] F I G U R E 1 Natural and commercial production of CDs by enzymatic digestion of starch by CD glycosyltransferase (a selective enzyme) | AbdolmAleki et Al.
| Cyclodextrin utilization in medicinal formulations
Today, CDs are employed in various fields, such as pharmaceuticals, agrochemicals, cosmetics, toiletries, and foods, and chemistry of this family is one of the imperative fields of supramolecular chemistry. The various structures of CDs have been integrated into numerous (no <35) existing drug formulations globally. [11] These drugs are administered by the use of a range of path including the oral, nasal, sublingual, dermal, parenteral, and ocular routes. The delivery of drugs to target issue is a preferential process. So, to reach successful clinical outcomes need therapeutics molecule present good lipophilic and hydrophilic aspects. Poor water solubility remains a bottleneck to the successful management of a wide series of drugs. Then, they are widely applied as drug-solubilizing agents for this purpose in a variety of pharmaceutical formulations and drug delivery. [2] Moreover, CDs are being progressively investigated in the gene delivery area and for siRNA in a range of disease-specific cellular processes for the reason of their improved potency and target selectivity (cf. antisense oligonucleotides). [21] Also, CD molecules have been considered in combination with different vectors consist of nanoparticles, polymer hydrogels, and liposomes that were widely reviewed in another place. [22] As a result of characteristic molecular structures, CDs are proficient for forming inclusion complexes with different organic molecules by incorporating them into the CD cavities. Because the CDs transform the physicochemical properties of incorporating guest molecules, the subsequent common applications of CDs are recommended by various researchers a :
• Material protection against UV degradation or oxidation for the duration of processing or storage.
• Flavors and spices stabilization.
• Utilize as a masking agent of food and drug for bitterness and unpleasant odor.
• Liquid materials exchange to dry type.
• Solubility improvement for compounds with poorly soluble water.
• Use as an emulsifier for steroids, hydrocarbons, fats and fatty acids.
• Controlled release of drugs and flavors.
• The catalyst for a chemical reaction.
• Constrained medium for chemical synthesis.
• Mobile-phase additive and stationary-phase component for HPLC or TLC.
| Drug-CD complex formation: the unique ability
The finding of the therapeutic activity of a drug candidate is often only the first step in the development of a successful pharmaceutical product. So, there is a several formulation trouble to be solved. First is the necessary solubility of the drug candidate, which is simple if it is readily soluble in natural water, but many drugs are not. [23] Complexation with CDs is recognized as an efficient way for enhancing dissolution properties and bioavailability of poorly soluble drugs. CDs are capable of forming inclusion complexes with many guest species such as a drug in both aqueous solution and the solid state has been widely exploited. [23] [24] [25] [26] The major driving forces of the formation of CD inclusion compounds are hydrophobic and van der Waals interactions between the inner surface of the CD ring and the hydrophobic sites on the guest. In an aqueous solution, the complexes are readily dissociated, and free drug molecules are in relatively rapid dynamic equilibrium with drug molecules bound within the CD cavity. [27] In the case of longer guests, the polar groups will often protrude from the cavity and interact with a second CD unit. Binding constants in aqueous solution were determined for a range of linear, branched, and cyclic alcohols with both α-and β-CDs. [23] Complex formation can often be stronger with the larger CDs because the guest can penetrate deeper into the larger cavities. The CDs possess an ability to form complexes with a wide range of guests. This is thought to be due in part to the fact that CDs are not necessarily rigid cones but instead possess a degree of flexibility, which allows them to adjust their shape to accommodate a guest. Figure 2 shows the geometry of guest/drug CDs inclusion complex. Due to the discrepancy in cavity size, each CD has its own ability to form inclusion complexes with specific guests, an ability which depends on the size-selective complexation between the guest molecule and the hydrophobic CD cavity. [28] [29] [30] [31] The diameter of the hydrophobic part of the guest has to be smaller than the minimum diameter to permit the formation of a stable axial inclusion complex. NMR studies [32] have demonstrated that α-CD is conformationally flexible in aqueous solution. Molecular dynamics calculations have also shown that all three common CDs are conformationally mobile and that the symmetric structures often portrayed are actually only the time-averaged structures. [33] Numerous techniques with diverse processing factors such as different solvents may be used for the formation of F I G U R E 2 The geometry of guest/drug-CDs inclusion complex drug-CD complexes. These methods are included of solidphase complexation, freeze drying, spray drying, kneading, slurry method, neutralization, and co-precipitation. The two most commonly employed techniques for drug-CD complex formation are spray drying and freeze drying. [34] CD complexes can enhance the performance of absorption, improve solubility, modify release kinetics of drugs, and reduce side effects. Complexation ability of CD with the drugs can be determined with the binding constant (K) of the complex and the dissociation equilibrium of the complexation process. The binding constant is can be utilized for the estimation of the disassociation/association strength of the complex and the binding strength between the guest/ host molecules. Further, binding constant is essential for evaluating the influence of CDs on in vivo absorption and bioavailability of drugs. CD binding constants of guest molecules have been determined using a wide range of experimental methods. However, these methods are often difficult, time-consuming, and require complex apparatuses. For these reasons, it is necessary to develop theoretical models with sufficient accuracy for predicting the binding constant values of CD inclusion complexes.
[35] Figure 3 shows the relationship between experimental studies and theoretical models.
| IN SILICO METHODS FOR DISCOVERY OF CYCLODEXTRINS
Computational methods have recently played an increasingly important role for the investigation of how many pharmaceutical organic compounds chosen as guest host for β-CD affect the kinetic characteristics for the complex formation and contribute valuable explanations for the molecular mechanisms behind experimental observations. [36] These methods use a strategy to mimic the molecular behavior of biological systems to simplify the design and exploration of selective target molecules. Molecular modeling as a characterization plan applies the use of in silico techniques to gain atomistic-level insight and overcome experimental troubles adjoining the drug receptor structure determination. [37, 38] Characterization of structural features of solid-state CDs and their inclusion compounds mainly dependent on X-ray diffraction (XRD) analysis. XRD analysis provides precise geometrical parameters for crystalline species, including details of the host-guest interactions, conformation, molecular identity, and crystal packing arrangements. The successful modeling and analyses of the 3D structure of CDs and their complexes are strongly reliant on the accessibility of high-quality crystals and for optimum resolution, it is frequently necessary to gather intensity data at low temperature. [39] There are several drug-CD complexes, which have been obtained their structural information by XRD analysis. Some of these cases include the following: inclusion of S-ibuprofen in β-CD, [40] inclusion complexes of essential oil in α-CD and β-CD, and ibuproxam combinations with substituted β-CD, [41] trimethoprim-β-CD, [42] and omeprazole-CD, [43] and p-aminobenzoic acid-β-CD. [44] Some details from both experimental and theoretical views have been obtained for the determination of binding structures and mechanism of CD-drug compounds such as ketoprofen. But, for the association constants of two enantiomers (R-and S-), experimental data gave nearly identical values considering practical uncertainty or tiny structural differences for both enantiomers. So, stereoselective recognition ability of β-CD-ketoprofen using practical tools is very difficult. In the CD-ketoprofen example, authors have been described, the stereoselective recognition mechanism not quite well understood. [45] Furthermore, the formation of inclusion complex has some complicated processes. Several in silico methods have been searched broadly to ease the discovery/design new ligands (drugs) with a favorite bioactivity and substitute bioactive agents at an early phase. [46] Today, hundreds of computational calculations describe drug-CD complexes reports. Table 1 classifies a number of present research studies in this field: molecular docking, [47] [48] [49] MD, [50] [51] [52] [53] quantitative structure-activity/ property relationships (QSARs/QSPRs), [54] [55] [56] quantum mechanics (QM), [57] [58] [59] Monte Carlo (MC) simulations, [60] [61] [62] and machine learning.
[63]
| Molecular docking
The use of the current field of rational drug design is progressing annually. In recent computer-aided drug design (CADD) technologies, structure-based drug design is crucial and numerous viable drugs are directly planned from CADD methods. Today, molecular docking simulation is an extremely important method for understanding interactions between small molecules and their target protein or predicting the binding affinity between them. Docking calculations employ techniques to dock drug candidates into macromolecules. It applies scoring binding affinity of two molecules or association to spatial orientation predict of protein-ligand or protein-protein when an agent is bound to a receptor (protein or enzyme). [64] [65] [66] [67] In general, docking procedure provides a powerful rationale for screening and analyzing a variety of capable drug-like molecules in the fields of molecular sensing, supramolecular chemistry, nanobiotechnology, and synthetic receptors.
The main steps of docking simulation are as follows: first, the accurate ligand insertion at the receptor binding site and, second, the estimation of the ligand affinity by a scoring function. Stage A in Figure 4 gives an idea about the docking core steps, which are commonly used for searching active compound to all docking protocols. In the Figure 4 , stage B represents combinations method for identifying and designing drug leads with rational drug design.
Previously, the inclusion complexes between a set of five CDs include β-CD, RM-β-CD, HE-β-CD, HP-β-CD, and G-β-CD, and luteolin was studied using docking techniques. Practical results confirmed that the 1:1 luteolin/G-β-CD complex had the highest stability constant. The results of molecular docking were in agreement with the practical data. [47] Another research studied the complexation between voriconazole with HP-β-CD and 2OM-β-CD. Solubility studies recommended that 2OM-β-CD had a more proficient solubilization effect than HP-β-CD. However, results from docking simulation mismatched with these experimental results. The possible reason for the disagreement between experimental results and computer simulations was the self-association and formation of multiple complexes between voriconazole and HP-β-CD molecules, rather than 1:1 complexes. [48] Therefore, it is concluded that we cannot use only the docking program to reliably characterize CD complexes. Shityakov et al. used the molecular docking method to predict molecular interactions of levodopa, dopamine, and their derivatives (dopimid compounds) with the α-CD dimer due to estimating and improve drug delivery to the central nervous system. The above-mentioned simulation method was used to establish the energetic profiles, hydrogen bond formation, and hydrophobic effects of 14 host-guest complexes. They reported that the 'chemical branching' represented by additional ethyl acetate residue is energetically unfavorable and promotes a conformational shift due to the high rootmean-square deviation levels. This experience is described by a considerable reduction of the host-guest hydrophobic potential surface and lower number of H-bonds. [13] T A B L E 1 Some of the examples used computational calculations for CD studies
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β-CD and four derivatives of β-CD Luteolin [47] Molecular docking HP-β-CD and methylated β-CD Voriconazole [58] β-CD 4,4′-Dihydroxybiphenyl [59] β-CD 57 Guest molecules [50] Molecular dynamics (MD) β-and γ-CD Amphotericin B [51] α-, β-, and γ-CD Cumene hydroperoxide [52] α-and β-CD 1-Alkanols, substituted phenols, and substituted imidazoles [53] α-CD Benzene derivatives [54] Quantitative structure-activity/ property relationships (QSARs/QSPRs) β-CD Multiple compounds [55] β-CD 233 Molecules [56] β-CD Dopamine and epinephrine [57] Quantum mechanics (QM) α-CD Carboplatin, oxaliplatin, nedaplatin [58] β-CD Aflatoxin B1 [59] β-CD Praziquantel [60] Monte Carlo (MC) simulations β-CD and methylated β-CD Niobocene dichloride [61] α-CD Water [62] Sulfobutylether β-CD Diverse organic molecules [63] Machine learning
Al-Azzam and Muhammad simulated host-guest inclusion complexation using semi-empirical PM3 method. They investigated inclusion complexation of mitiglinide (MIT) with CDs theoretically by doing two molecular modeling methods. They used diverse molecular modeling procedures: the quantum mechanics computation using the PM3 semi-empirical method and molecular docking calculation to supplement the experimental studies. Generally, they demonstrated PM3 semi-empirical method is more proficient to locate the minimum energy conformations in comparing with docking process. Their results designate that the complex formation is energetically preferential in the presence of γ-CD (E comp = −17.884 kcal/mol) of the optimal configurations of (1:1) MIT/γ-CD inclusion complexes. Moreover, their results revealed that the formation of more stable MIT/ γ-CD complex compared to MIT/β-CD or MIT/α-CD complexes is mostly due to diversity in intermolecular hydrogen bonding. [68] 
| Molecular dynamics
MD simulation is a key tool in the theoretical exploration of biological system. This computational process calculates the time-dependent behavior of a molecular system. MD simulation mimics the physical motion of atoms and molecules under Newton's laws of physics. [69] To begin an MD simulation, one must first select an initial configuration of the system, as a starting point or t = 0. Frequently, in the simulation of biomolecules, an X-ray crystal structure or an NMR structure is gotten from the Brookhaven Protein Databank (http:// www.rcsb.org/pdb/) and utilized as the initial structure b . In the early, the static of molecules has been significantly developed to incorporate new viewpoints presented by molecular dynamic. X-ray crystal structures describe a time-averaged structure of a consistently moving system, while molecular dynamics simulates the instantaneous and actual motion of the system. Each atom is treated as a particle responding to Newton's equations of movement: successive integrations of these equations lead to the trajectory of the atom over time in the form of a list of positions and velocities. Analyses are made through times of periodically 1-100 ps (numerous fascinating movements are completely created inside 100 ps or less). [14] MD simulations have presented comprehensive information on the conformational changes and fluctuations of nucleic acids and proteins. They are also employed in the resolve of structures from NMR experiments and X-ray crystallography b . These methods now permit exploration of the structural, dynamics thermodynamic, and energetic of biomolecules and their complexes like CD-guest complexes based on molecular mechanics (MM) and/or the empirical force field (e.g. AMBER, CHARMM, GROMOS, and CVFF). [70] The binding free energy between guest molecule and CD can be computed by the MM/PBSA, thermodynamic integration, and free energy perturbation methods. MD computations require both suitable graphical facilities and good computational power. Animated display of MD simulations consists of the viewing of consecutive conformations produced by MD calculations. The dynamics simulations generate huge amounts of data that are difficult to interpret without graphics. MD is valuable to identify preferred motions of either small molecules or proteins. Although it is not of direct utility in drug design except for 'where does it spend most of its time' and as an improved energy minimization approach, dynamics gives a high information content picture of the precise behavior of the molecule considered and the way it can behave and interact with other partners. MD studies have revealed that amphotericin B (AmB) can produce a steady complex with γ-CD through the inclusion of the macrolide ring into the CD hole while the guest ring cannot go into the hole of β-CD due to spatial restrictions. Electrostatic and van der Waals interactions are the principal participants in the arrangement of these particular CD insertion complexes. The binding free energy between γ-CD and AmB is a large amount superior to that of β-CD and AmB, which is in accordance to the experimental observation of the bioavailability of AmB formulations. [51] MD simulations using the Amber force field have been applied to studying the inclusion complex development between organic molecules and CD, for example 1-alkanols, substituted phenols, and substituted imidazoles. The calculated binding free energy by MM-PBSA method depicted that electrostatic interactions and the hydrophobic effects also contributed to the complex formation. However, van der Waals interactions were the dominant contributors of inclusion complex formation. Moreover, the guest molecule flexibility had a considerable impact on complex stability. [53] MD simulations allow the investigation of dynamic, complex processes that happened in biological systems b . Some of these cases include the following:
• Conformational changes.
• Protein folding.
• Protein stability.
• Molecular recognition: proteins, DNA, membranes, and complexes.
• Ion transport in biosystems.
Khuntawee et al. [71] investigated the molecular interaction of β-CD as a well-known potent drug carrier with a lipid bilayer with MD simulations. Figure 5 displays MD simulation of β-CD with bilayer lipid. They used MD simulation to imagine the lipid bilayer and β-CD for six microseconds. Their results demonstrated β-CD diffuse passively into the lipid bilayer. The information about their study proposed that the organization of β-CD at the cellular membrane is important for drug transfer and cholesterol extraction. [71] In another study, Khuntawee and co-workers explored conformational changes of a large-ring CD (ε-CD or CD10) by replica-exchange molecular dynamics (REMD) simulation. They examined three solvent models and three carbohydrate force fields then analyzed and ranked conformational behavior of CD10 in terms of the flip (turn) of the glucose subunits within the macrocyclic ring. They reported their findings might be also helpful in the temperature controlled synthesis of LR-CDs as well as other experimental conditions, particularly for the host-guest effects. [72] Aghaee et al. combined docking, molecular dynamics simulations and spectroscopic studies for the rational design of a dipeptide ligand for affinity chromatography separation of human serum albumin. In this study, they reported protein rigidity and water molecules as the main drawback of molecular docking for prediction a ligand, which can bind strongly to key regions of protein. They used MD simulations for more validating the affinity between the selected peptide ligand and the target protein. A dipeptide with high affinity to HSA was found by the procedure. It was synthesized and its affinity to HSA was evaluated by UV-vis spectroscopy to ensure that this ligand has enough affinity for the purification of HSA by affinity chromatography. After the docking simulations, the complex of the candidate ligand and HSA was further analyzed by MD simulations. MD simulations were performed with the gromAcs 4.5.3 simulation package by the use of Amber99sb-ildn force field. The gromAcs 4.5.3 simulation package was used to study the changes of the complex with time. They demonstrated the gold program does not have the ability to consider the spacer rigid, so Autodock VinA was used to resolve this deficiency. [73] 3.3 | Quantitative structure-activity relationships QSAR models are regression models with the summary of a relationship between chemical structures and biological activity within a given drug class, a technique widely used in drug design and development. The principle advantage of QSPR/QSAR modeling is that only the knowledge of molecular structure is required for predicting desired property or activity. The QSPR/QSAR modeling can be considered as a helpful option for estimating the binding constant and thermodynamic stability of CD inclusion complexes. The structural features related to the complexation process helped to improve the understanding of the complexation mechanisms of the host molecules. [35] 3D-QSAR models were previously developed to predict the stability constants between benzene derivatives with α-CD by comparative molecular field analysis region focusing (CoMFA-RF) and VolSurf methods. [54] A test set of 18 compounds were used for the predictive models. Results indicated that electrostatic interaction, hydrophobic effects, and shape were the three main contributors to these inclusion complexes while, separately, docking results also agreed with the combined 3D-QSAR models. [54] Another study developed a QSAR model for predicting complexation with β-CD by the topological substructural molecular design (TOPS-MODE) approach. Results revealed that hydrophobic effect and van der Waals interactions were the major driving forces for complexation. [55] As above mentioned, computational methods have been used for studying, the most important influencing factors, the driving forces involved in the host-guest interactions, predicting the binding constants and the thermodynamic stability of CDs inclusion complexes. There are several examples of such research in the literature. Katritzky et al. [74] developed a QSAR model to predict the free energies of inclusion complexation between diverse guest molecules and CDs using CODESSA descriptors. They presented QSPR modeling using two different approaches. One of them based on descriptor approach, realized in the program CODESSA-PRO, uses various geometrical, constitutional, electrostatic, topological, thermodynamic, and quantum chemical molecular descriptors.
Another one, realized in the TRAIL program, uses different types of fragmental descriptors, based on fragments method. Descriptor approach requires the knowledge of the molecular structure. But, the fragment-based method does not need the information of the electronic structure and 3D geometry of molecules. Besides, the regression coefficients related to the structural fragments are more easily interpretable than those for the topological indices. Molecular fragments are successfully utilized in structure-property studies and diversity analysis of large databases. The disadvantage of this modeling approach is using more variable than descriptor-based modeling method. [74] Ahmadi et al. [75] presented a 3D-QSAR model using GRid-INdependent Descriptors (GRIND) in Pentacle software, to model the host-guest chemistry using QSAR method. The GRIND alignment that is more interpretable and efficient was proved relevant in diverse structure-activity relationship studies. Ghasemi and colleagues reviewed several QSARs/QSPRs studies to predict the stability (binding) constants or free energy complexation of various macrocyclic compounds with diverse guest molecules including anionic, cationic, and neutral molecules. [76] In another study, they applied methods of comparative molecular field analysis region focusing (CoMFA-RF) and VolSurf to build up QSAR models for prediction of stability constants of monoand 1,4-di-substituted benzenes with α-CD. They used a genetic algorithm (GA) and successive projection algorithm (SPA) as feature selection methods, to pull out more informative VolSurf descriptors. Also, they applied a combination of CoMFA fields with some physicochemical descriptors to achieve more predictive 3D-QSAR models. They reported an excellent performance in predicting stability constants by partial least square and support vector machine (SVM) modeling methods. Their findings of both methods confirmed that hydrophobic, electrostatic effects, and shape parameters are most important affecting factors in inclusion complexation of benzenes derivatives with α-CD. The results of their docking study showed it can predict the binding mode and orientation of guest molecules in CD cavity that is in agreement with of combined 3D-QSAR models results.
[54]
| Quantum mechanics
QM is capable of predicting the molecular structure and electronic characteristics. It mathematically illustrates the spatial locations for the entire electrons and nuclei. Existing QM techniques for CD are including of semi-empirical processes, that is. density functional theory (DFT) and ab initio methods. Several new types of research found the binding free energy between ibuprofen and β-CD was stronger than a complex of HP-β-CD and ibuprofen. [77, 78] However, Mura get the HP-β-CD-solubilizing effectiveness for ibuprofen was more powerful than β-CD in aqueous solution. [78] Núñez-Agüero applied MM-GBSA method for enthalpy calculation of ibuprofen/β-CD complex. [79] Djemil et al. [57] used different QM methods (e.g. PM6, HF, ONIOM) to examine the structures of dopamine and epinephrine/β-CD complexes. Their results revealed that the catechol ring of the guest placed into the hydrophobic cavity of β-CD throughout intermolecular hydrogen bonding. A different study performed a comparison of the relative stability of the complexes between several platinum (II)-based drugs (e.g. carboplatin, oxaliplatin, and nedaplatin) and α-CD and using the B3LYP/6-31G basis set. [58] The relative stability findings exhibited that, in this case, H-bonds were most important participants in complex construction and that the complex of carboplatin/α-CD was the most stable. However, the restriction of QM simulation to CD systems is that the large atom number of CD molecules requires extensive computing capabilities. Moreover, it is difficult to apply QM methods to solvated systems. Wang et al. compared three modeling methods of docking, molecular dynamics (MD), and quantum mechanics (QM for CD/ibuprofen complexation). They used binding free energy from each simulation method as a key parameter to compare with the experimental results. The results of docking obtained from the AutoDock Vina program showed the complexation capability between ibuprofen and α-, β-, γ-, and HP-β-CDs. Above docking results showed similar ranking with the results from solubility, phase diagram experiments. MD simulation designated that ibuprofen could form the stable complexes with β-, γ-, and HP-β-CDs, but not for α-CD. They obtained binding free energies from the MD simulation for β-, γ-, and HP-β-CDs −3.67, −0.67, and −3.87 kcal/ mol, respectively. The enthalpies of QM simulation for β-, γ-, and HP-β-CDs were −17.22, −14.75, and −20.28 kcal/ mol, respectively. Their results of three modeling approaches illustrated similar ranking between ibuprofen and all CD molecules as the experimental data. However, MD simulation with entropy calculation had the closest value to experimental data for β and HP-β-CDs. Thus, they reported MD simulation with MM-PBSA method may be fit to in silico screen for CD formulations. [80] New simulations in QM allow exploring and constructing an understanding of the following:
• Fundamental principles of QM.
• Key ideas in historical experiments.
• Quantum principles underlying everyday life applications.
• Help to build mental models of phenomena that are often difficult to understand.
• Provide visual representations of abstract concepts and microscopic processes that cannot be directly observed.
A number of software packages have QM/MM options, such as Gaussian and the CHARMM/GAMESS combination. Some researchers have generated structures using a conventional docking program and have then obtained the binding energies with single-point semi-empirical calculations. The only QM docking code that is available on the open market is the QUAN-TUM docking program from Quantum Pharmaceuticals.
Energy minimization using MM is fast, but with QM, it is a slow process. This process can be very time-consuming for molecules with many rotatable bonds such as the CDs. [81] Semi-empirical treatments such as AM1, MNDO, INDO, EHT, MINDO, PRDDO, and PCILOmpa are some of the most popular semi-empirical programs, whereas the GAUSSIAN and HONDO series are typical ab initio programs. AMPAC and MOPAC are QCPE packages that include the AM1, MNDO, and MINDO programs. Along with GAUSSIAN series, these are among the most popular programs for quantum dots (QDs) calculation. [14] QD calculations can
give detailed understanding into the electronic nature of the molecular structures and permit one to analyze phenomena not yet parameterized for molecular mechanics. [14] Sahra et al. [82] simulated host-guest interactions between diclofenac and β-CD using the semi-empirical PM6, PM3, and the quantum hybrid ONIOM (B3LYP/3-21 g: PM3 and B3LYP/3-21 g: PM6) approaches, to gain further insights into the non-covalent interaction in this system. Another molecular modeling study of lamotrigine/β-CD inclusion complex was performed using gAussiAn 03 W version 6.0 and hyperchem 7.51 packages, respectively, for quantum and molecular mechanics methods. [83] Molecular mechanics strategies do not treat explicitly the electrons, in this manner, and they cannot foresee electronic properties of molecules. Additionally, it may not accurately depict the geometries or energetics of intermolecular interactions if a force field for a molecule is not accessible or not very well characterized. Hence, to confirm the reliability of applied approach and to be predictable with experiment, researchers have used quantum mechanical strategies. [83] MD and MC statistical mechanics simulations are two most broadly applied methods for the liquids simulation. [36] Some Monte Carlo searches only conformations change due to the rotatable bonds (single bonds not in rings), whereas others will reposition ring atoms, which can find different ring conformations. Monte Carlo algorithms can sample a space very thoroughly. However, modifications of the Monte Carlo algorithm, such as a tabu algorithm or a simulated annealing algorithm, often give the same accuracy of results with fewer iterations, and thus a faster run time. The conformational space of samples for each system is the most important difference between the two processes. The random selection of molecule produces a new configuration (internal variation in the molecular dynamics translation and rotating) for the MC computation. The Metropolis sampling algorithm determines acceptance of the new configuration. MC is a popular approach to study thermodynamic and kinetic properties of proteins and allows us to examine the complex system.
The fundamentally favorable position of random search strategies is that, in principal level, molecules of any size can be effectively treated. However, in any case, very flexible molecules frequently do not give meeting results, due to the vast volume of the respective conformational space. Other valuable applications for MC search techniques incorporate examinations on cyclic systems as ring frameworks are hard to treat in systematic searches. The adequacy of random search techniques should be exhibited in a practical case.
Both MC and MD simulations use the equal empirical force field. MC methods are mainly valuable for modeling systems with high degrees of freedom, and significant uncertainty, like protein membranes and polymer chains. With MC methods, a complex system is able to be sampled in many random configurations, and all data can be useful to reproduce the full of the system. [60] However, MC simulation attributes by repeated random sampling act and records the consequences in casino-like conditions. The outcomes with low energies must be accumulated. Then, system properties and/or the averaged energies will be presented. [69] As a result, unlike MD simulation, MC simulation cannot offer dynamic information with time progress of the system in a suitable form for presentation. Figure 6 indicates the simulation process flowchart. Oliveira et al. [36] performed a DFT study of infrared spectra and Monte Carlo predictions of the solvation shell of praziquantel and β-CD inclusion complex in liquid water. Also, MC simulations have been utilized to study the water solvation shells for praziquantel/CD complexes. Water molecules were found to be useful in forming praziquantel/β-CD complexes due to the hydrophilic effect posed on the CD molecule. [60] MC simulations have also been used to study water molecules inside the hydrophobic cavity of α-CD. [62] The results showed that about five water molecules are present in the CD cavity; however, only 2.4 of these molecules on average interacts with α-CD by hydrogen bonds, which is fewer than the number interacting with the molecule outside the cavity.
[62]
CONCLUSIONS
As explained above, significant progress has been achieved in the field of drug discovery based on host-guest molecular complexation over the past decade. It is apparent that this area will continue to be an active area of research and the main section of supramolecular chemistry and drug discovery. Macrocyclic therapeutics have extended into one of the most hopeful and active research areas of chemical science -situated at the boundary between chemistry, biology, and physics. Consequently, a giant potential exists for future purposes and their applications in such fields as bioand environmental protection, nanotechnology, catalysis, photonics, separations chemistry, and molecular electronics as well as medication. CDs are both biocompatible and biodegradable, and this feature permits their use in biological systems while minimizing their ecological impact. The utilization of CDs in drug formulations could make available a full new range of appropriate drugs combined with beneficial effects. Other potential future applications could contain incorporation into a variety of matrices to provide smart materials and new specific site-or time-controlled delivery drug and use in advancing fields such as gene delivery. However, developing more suitable and reliable modeling and in silico approaches for CD formulation require reducing existing conflicting, contradictory, and trial and error. Furthermore, the mechanism by which non-inclusion CD complexes formed is still largely unclear, and there is no widely agreeable principle or consensus on how best to develop non-inclusion CD formulations.
NOTES
a http://www.scdj.jp/cd-e.html, Japan.
b http://www.ch.embnet.org/MD_tutorial/index.html, Harvard University.
